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ABSTRACT A transgenic mouse model for prostate and
mammary cancer has been developed in mice containing a
recombinant gene expressing the simian virus 40 early-region
transforming sequences under the regulatory control of the rat
prostatic steroid binding protein [C3(1)] gene. Male transgenic
mice develop prostatic hyperplasia in early life that progresses
to adenoma or adenocarcinoma in most animals surviving to
longer than 7 months of age. Prostate cancer metastases to lung
have been observed. Female animals from the same founder
lines generally develop mammary hyperplasia by 3 months of
age with subsequent development of mammary adenocarci-
noma by 6 months of age in 100% of the animals. The
development of tumors correlates with the expression of the
transgene as determined by Northern blot and immunohisto-
chemical analyses. The results of these experiments demon-
strate that the C3(1) regulatory region used in these experi-
ments is useful for targeting expression to the prostate and
mammary gland. To our knowledge, this experimental system
is the first reported transgenic mouse model for prostate
cancer. These transgenic animals offer the opportunity to study
hormone response elements in vivo and the multistage progres-
sion from normal tissue to carcinoma in the prostate and
mammary glands.

Prostate and breast cancer are increasingly important sources
of morbidity and mortality (1). Prostate cancer, the most
common malignancy in males with an estimated incidence of
33% in men over the age of 50, is the second leading cause of
cancer deaths in males (1). Breast cancer arises in one in nine
women during their lifetime and is the leading cause of cancer
deaths in women (2).

Transgenic models of neoplasias offer unique opportunities
to study the biology of oncogenesis and provide systems to
test experimental therapeutic approaches. Although several
transgenic mouse models for mammary cancer have been
developed (3-15), no transgenic mouse model of prostate
cancer has been reported. Existing animal models for pros-
tate cancer (16-24) have several significant limitations (25,
26).

We have targeted the expression of the early region of
simian virus 40 (SV40) large tumor antigen (TAg) to the
prostate of transgenic mice by using the 5’ flanking region of
the rat prostatic steroid binding protein [C3(1)] gene (27).
Two lines of transgenic mice have been propagated, both of
which predictably develop prostate hyperplasia and carci-
noma in males and mammary carcinoma in females. Animals
from both founder lines also develop several other unusual
phenotypic changes (unpublished results). The results of
these studies demonstrate that the C3(1) 5’ regulatory region
is capable of targeting expression to the prostate and the
mammary gland. These transgenic animals are useful models
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for the study of multistep tumor progression in the prostate
and mammary gland and may serve as experimental systems
for various therapeutic regimes.

MATERIALS AND METHODS

Construction of C3(1)-TAg Fusion Gene and Creation of
Transgenic Mice. The 5.7-bp Sac I fragment from the rat C3(1)
5’ flanking region including the first exon (27, 28) was filled-in
and subcloned into the blunted Xba 1 site of BlueScript
SK(+) (Stratagene). The 890-bp 3’ Nco I-Sac I fragment was
replaced with a 161-bp PCR-derived fragment$ in which a Not
I site was introduced after the RNA transcriptional start site
and prior to the ATG translational start site of the C3(1) gene.
The Sfi I-BamHI fragment from the early region of SV40 was
inserted 3’ to the C3(1) sequences. The 7.2-kb fragment

- containing the C3(1)-TAg fusion was excised from plasmid
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sequences, purified by sucrose gradient, and injected into the
pronuclei of 0.5-day FVB/N embryos (29). Transgenic off-
spring were identified by Southern blot and slot blot tech-
niques utilizing a 3?P-labeled probe specific for SV40 se-
quences (30).

RNA Isolation and Analysis. RNA was extracted from
tissues using the guanidine thiocyanate/cesium chloride
method (30). Twenty micrograms of total RN A was separated
using a denaturing 1% agarose/formaldehyde gel, transferred
to nitrocellulose membranes, and hybridized to a 32P-labeled
SV40-specific probe (30).

Histochemical and Immunohistochemical Analyses. Gross
lesions, major organs and tissues, and the accessory sex
glands were collected and fixed in 4% (wt/vol) paraformal-
dehyde. Tissues were embedded in paraffin and sections
were stained with hematoxylin/eosin (H&E) or immuno-
stained using the Vector ABC system (Vector Laboratories)
with nickel chloride-enhanced diaminobenzidine (31). Anti-
TAg rabbit polyclonal antibody 115 was the kind gift of David
P. Lane (University of Dundee).

RESULTS

Establishment of Transgenic Lines. Twelve transgenic
founder animals were produced (Fig. 1) as determined by
Southern blot analyses. Three animals died and were thus not
analyzed. Two animals have survived to 18 months of age
without apparent abnormalities and have not transmitted the
transgene to their offspring. Of the remaining seven founder
animals, two were able to transmit the transgene to offspring
(designated lines C and L).

Abbreviations: SV40, simian virus 40; TAg, large tumor antigen;

H&E, hematoxylin/eosin.

#To whom reprint requests should be addressed.

$The sequence of the 5’ PCR primer used is CTCTTATGTTTCCTG-
GTGCAGTGCCATGGTA; the sequence of the 3’ PCR primer used
is AAACACCAGCTTCATGTTGCGGCCGCCCCTGTGGGT-
TGTT.
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FiG. 1. Phenotypic abnormalities of PRP-3 transgenic founder
mice.

Phenotypic Abnormalities of Founder Mice. Of the eight
founder animals analyzed, three of five females developed
mammary adenocarcinoma and two of three male animals
developed prostate hyperplasia. Phenotypic abnormalities in
most of the founder mice were significant (Fig. 1) with only
two founder animals surviving longer than 20 weeks; these
two founders did not transmit the transgene and, presumably,
were mosaic for the transgene. The severity of the pheno-
types appeared to generally correlate with the transgene copy
number, which ranged from 1 to >100 copies per genome.
Other lesions included the development of osteosarcoma;
proliferative lesions of the thyroid, salivary glands, and nasal
epithelium; and an unusual form of chondrodysplasia (un-
published results).

Phenotypic Abnormalities in Two Lines of Transgenic Mice.
Two founder animals, C and L, were able to transmit the
transgene to their offspring. The development of pathologic
changes was extensively studied in these two lines of trans-
genic mice. The survival curves for animals from the C line
(Fig. 2) demonstrate a clear distinction between male and
female animals.

Prostate. In male mice, hyperplastic changes in the epithe-
lium of the dorsal/ventral regions of the prostate were noted
as early as 3 months of age. Atypical epithelial hyperplasia
(Fig. 3 A and B) consisted of pseudostratified or piled-up cells
with hyperchromatic spindle-shaped nuclei, basophilic cyto-
plasm, and a high nuclear/cytoplasmic ratio. These are
dysplastic lesions. The basement membrane was intact.
Adenomas occurred in about one-third of animals between 6
and 8 months of age. Papillary adenomas were composed of
exophytic papillary projections of epithelial cells extending
into acinar lumens on delicate fibrovascular cores (Fig. 3C).
Epithelium had a similar appearance to that described for
atypical hyperplasia. Male animals survived longer than
females, up to 11 months, with the majority of males devel-
oping prostate adenocarcinoma after 8 months of age.

Adenocarcinomas were composed of cells with hyperchro-
matic pleomorphic nuclei with many atypical mitotic figures
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FiG. 2. Survival curve of PRP-3 transgenic mice.

and basophilic cytoplasm with poorly defined borders. Tu-
mor cells formed small irregular acinar structures lined by
piled-up epithelium or were arranged in sheets and/or clumps
(Fig. 3 D, E, and G). In some areas of the tumors, cells
formed cribriform glandular structures with disorganized
hyperchromatic cells (Fig. 3F). Adenocarcinomas were lo-
cally invasive and one adenocarcinoma metastasized to the
lung. Desmoplasia of the type seen in human and rat prostatic
malignancies was not present.

Mammary Gland. Two-thirds of female mice developed
atypical hyperplasia in ducts and acini by 3 months of age
(Fig. 4B). When acini were involved, lesions resembled those
classified as hyperplastic alveolar nodules (32). Female mice
succumb by 6 months of age with the universal development
of multifocal mammary adenocarcinoma with occasional
evidence of metastatic involvement to the lung. Microscop-
ically, adenocarcinomas could be classified as Dunn type B
tumors (32). Tumors in PRP-3 transgenic mice were solid,
composed of small irregular glandular structures in sheets or
clumps of poorly differentiated epithelial cells with vesicular-
to-hyperchromatic round nuclei, basophilic cytoplasm with
poorly defined borders, high nuclear/cytoplasmic ratio, and
high mitotic index (Fig. 4 D-F). Nonparous females typically
developed mammary adenocarcinoma at about 4 months of
age. The development of mammary adenocarcinoma ap-
peared to be accelerated in animals that became pregnant.

Mice of the L series developed mammary or prostate
hyperplasia, but most appeared to die from nasal epithelial
tumors between 5 and 8 months of age, prior to the devel-
opment of adenocarcinoma of the prostate or mammary
gland. Prostate and mammary adenocarcinomas did develop
in the oldest surviving L mice. No spontaneous prostate or
mammary tumors were observed in nontransgenic FVB/N
mice.

Expression of SV40 TAg and Tumor Formation. The de-
velopment of prostate and mammary lesions correlates with
the expression of the SV40 transgene. Northern blot analysis
of various tissues from female founder animal C demon-
strated that TAg was expressed in the mammary tumors (Fig.
5A, lanes 7-9), but not in tissues with apparently normal
histology (Fig. 5A, lanes 1-6). The expression pattern in
C-line descendant females was similar to that of the founder
animal (data not shown). Transgenic females from the L line
also demonstrated high levels of TAg in mammary tumors
(Fig. 5A, lane 15). Expression of TAg was localized using
immunocytochemical analyses. Strong staining was ob-
served in apparently normal mammary ductal cells prior to
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Fic. 3. Transgenic prostate lesions. (A) Region of prostate epithelium with scattered cell nuclei positive for TAg. (Immunohistochemistry;
x630.) (B) Atypical hyperplasia, dorsolateral prostate. Epithelial cells are piled-up or pseudostratified with spindle-shaped nuclei. (H&E; x630.)
(C) Adenoma (arrow), dorsal prostate. Papillary projection in acinar lumen of atypical epithelium on delicate fibrovascular cores. (H&E; x100.)
(D) Adenocarcinoma, ventral prostate. The tumor is composed of sheets of poorly differentiated cells. (H&E; %100.) (E) Adenocarcinoma,
ventral prostate. Sheets and clumps of poorly differentiated cells with scattered glandular structures. (H&E; %200.) (E) Adenocarcinoma, ventral
prostate. Cribriform glandular structure (arrow) within area of spindle-shaped tumor cells. Numerous mitotic figures. (H&E; x400.) (G)
Adenocarcinoma with scattered nuclei staining darkly for TAg. (Immunohistochemistry; X630.)

the development of hyperplasia or neoplasia (Fig. 44). TAg
was also detected in the mammary carcinoma cells (Fig. 4 D
and F). TAg was detected in the nuclei, as expected, but the
intensity varied from cell to cell. TAg was not detectable in
all tumor cells by immunocytochemistry. Immunohistochem-
ical analysis for TAg was negative in tissues from nontrans-
genic control animals (data not shown). Similarly, male
animals from the C and L lines expressed TAg transcripts in
prostate carcinomas (Fig. 5B, lanes 3 and 13) and salivary
gland (Fig. 5B, lanes 4 and 10) but not in brain, kidney, lung,
liver, spleen, and heart (Fig. 5B, lanes 1, 5-9, 11, 12, 14, 16,
and 17). A very low level of TAg was occasionally detectable
in the testes (data not shown). Immunocytochemical analyses
revealed TAg expression in scattered apparently normal-
appearing prostate epithelial cells. Expression levels varied
from cell to cell in regions of prostate hyperplasia (Fig. 3B)
and in the adenocarcinomas (Fig. 3H).

DISCUSSION

The rat C3(1) 5’ regulatory region has been used to direct the
expression of SV40 TAg to the prostate and mammary
glands, resulting in a transgenic model for the study of

multistage oncogenesis in these tissues. Transgenic mice can
be propagated that consistently develop proliferative pros-
tate and mammary lesions that progress over time to adeno-
carcinoma, making this an attractive model for the study of
multistage progression of tumor development in these tis-
sues.

Histologically, the transgenic prostate and mammary tu-
mors share similarities to the human counterparts. Prostate
adenocarcinoma in the transgenic mice is similar to the more
poorly differentiated variants of human prostate carcinoma
(33). The atypical mammary hyperplasias and carcinomas
observed in the female transgenic mice involve small ducts
and acini, which share similarities to certain types of human
proliferative breast lesions, including atypical hyperplasia
and in situ lobular carcinoma (34).

Based upon the immunohistochemical studies of prostate
and mammary lesions, it does not appear that all TAg-
expressing cells are hyperplastic or develop carcinoma (Figs.
3B and 4A). While the expression of TAg is necessary for
tumor development in these animals, it does not appear
sufficient by itself for complete transformation. Evidently,
other genetic events are required for complete transformation
to occur.
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FiG. 4. Transgenic mammary gland lesions. (4) Nonproliferative ducts with positive dark nuclear immunostaining for TAg. (x400.) (B) Duct
(small arrow) and acinus (large arrow) with atypical epithelial hyperplasia. (H&E; %100.) (C) Microscopic adenocarcinoma (arrow). Irregular
small acini and sheets of cells lack polarity with loss of basement membrane integrity. (H&E; X100.) (D) Adenocarcinoma with numerous darkly
stained nuclei positive for TAg. (Immunohistochemistry; X400.) (E) Adenocarcinoma composed of irregular acini (arrow) and sheets of
anaplastic epithelium. Numerous mitotic figures. (H&E; X630.) (F) Adenocarcinoma with numerous darkly stained nuclei positive for TAg.

(Immunohistochemistry; X630.)

Although transgenic models for mammary carcinoma have
been developed previously (3-15), to our knowledge, this is
the first transgenic model of prostate carcinoma. Overex-
pression of the int-2 gene under control of the mouse mam-
mary tumor virus long terminal repeat in another transgenic
system leads to benign prostatic hyperplasia, but these le-
sions do not progress to malignancy (11). Another rodent
model for studying prostate cancer has been developed using
retroviral infection of an embryonic organ reconstitution
culture system (21), but this system has several limitations.
Prostate cancer has been induced in rats using chemical
carcinogens (17, 18, 20, 23, 24). These systems are limited by
the required use of strong carcinogens and nonphysiologic
hormone manipulations. For the Lobund-Wistar rat model,
tumors primarily arise in the seminal vesicles and infre-
quently in the dorsolateral prostate (26), the region that is
most relevant to human prostate cancer.

The C3(1)-TAg construct appears to be highly responsive
to both male and female sex hormones. Previous studies have
identified several hormone response elements within the 5’
region, first exon, and intron of the rat C3(1) gene (35). When
introduced into the germ line of mice, a 9-kb intact C3(1) gene
was shown to direct expression of the rat prostatein protein
specifically to the prostate in transgenic mice (36). Our

construct only utilized the hormone response elements re-
ported to be within the 5’ region and first exon (35). Our
results indicate that the 5’ C3(1) region we used lacks
important regulatory information to limit expression exclu-
sively to the prostate. However, the previous transgenic
experiments demonstrating prostate-specific expression of
the entire C3(1) gene may not have detected low levels of
expression in other tissues due to the limitation of sensitivity
by Northern blot analysis. It is possible that the use of TAg
in our construct greatly increases the sensitivity of scoring
where the C3(1) promoter is expressed since low levels of
expression may lead to transformation of those tissues. Our
construct also expressed in several other tissue types, in-
cluding the thyroid, salivary gland, and cartilage (unpub-
lished data).

Recently, the rat probasin gene promoter (PB) has been
reported to direct the expression of the bacterial chloram-
phenicol acetyltransferase (CAT) gene specifically to the
prostate in transgenic mice in a developmentally and hor-
monally regulated fashion (37). The C3(1) regulatory region
utilized in our experiments appears to be more promiscuous
than the PB promoter, although the cointegration of heter-
ologous chicken lysozyme matrix attachment elements with
the C3(1)-TAg construct might also suppress ectopic expres-
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Fi1G. 5. Northern blot analyses of RNA expression in transgenic
mice. The arrowheads show the 2.4-kb and 2.1-kb transgene tran-
scripts of the SV40 small tumor antigen and TAg, respectively. (4)
Female. Lanes: 1-9, founder animal C; 10-17, founder line L
descendants; 1, kidney; 2, salivary gland; 3, lung; 4, liver; 5, muscle;
6, spleen; 7-9, mammary tumors; 10, muscle; 11, liver; 12, lung; 13,
brain; 14, spleen; 15, mammary tumor; 16, kidney; 17, heart. (B)
Male. Lanes: 1-9, descendant of C founder; 10-17, descendant of
founder L; 1, brain; 2, testis; 3, prostate; 4, salivary gland; 5, kidney;
6, lung; 7, liver; 8, spleen; 9, heart; 10, salivary gland; 11, kidney; 12,
brain; 13, prostate/seminal vesicle tumor; 14, heart; 15, testis; 16,
lung; 17, spleen.

sion of the transgene, as was observed in the PB-CAT
transgenics (37). The C3 (1)-TAg transgenic system provides
a model to study hormone response elements in vivo and to
define determinants of androgen- and estrogen-specific reg-
ulation required for gene targeting to the prostate and mam-
mary glands. These transgenic animals provide a model to
study the TAg-induced multistage progression of tumors in
androgen and estrogen responsive tumors.

Note Added in Proof. We have recently learned that another trans-
genic model of prostate cancer has been developed by using a
PB-TAg construct (N. M. Greenberg, personal communication).

We are grateful to Dr. T. Papas for support, Dr. J. Ward and Dr.
R. Newburgh for critical review of the manuscript, Dr. M. Parker for
providing the C3(1) genomic clone, Dr. D. Lane for antibody to TAg,
Dr. J. Brady for SV40 DNA, and Karen Cannon for preparation of
the manuscript.
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